The progressive onset of slip at the wall, which corresponds to a slip length increasing with the solicitation time before reaching a plateau, has been investigated for model viscoelastic polymer solutions, allowing one to vary the longest relaxation time while keeping constant solid -fluid interactions. A hydrodynamic model based on a Maxwell fluid and the classical Navier's hypothesis of a linear response for the friction stress at the interface fully accounts for the data, without any adjustable parameter. No viscoelastic response needs be postulated for the friction, reflecting the local character of solid-liquid friction mechanisms.
The progressive onset of slip at the wall, which corresponds to a slip length increasing with the solicitation time before reaching a plateau, has been investigated for model viscoelastic polymer solutions, allowing one to vary the longest relaxation time while keeping constant solid -fluid interactions. A hydrodynamic model based on a Maxwell fluid and the classical Navier's hypothesis of a linear response for the friction stress at the interface fully accounts for the data, without any adjustable parameter. No viscoelastic response needs be postulated for the friction, reflecting the local character of solid-liquid friction mechanisms.
Due to the development of micro and nanofluidics, the description of liquid flows close to a surface has become a major issue during the last 10 years, driven by their potential applications, as for example desalination [1] [2] [3] [4] [5] [6] or blue energy [7] [8] [9] [10] [11] .
In any fluid mechanics problem, two equations are needed: a bulk constitutive equation to describe the fluid properties, and an interfacial constitutive equation to describe the interfacial friction. For simple fluids, it is possible to define a single viscosity η, assuming that the friction between two layers of fluid sliding past each other is proportional to their difference in velocity: σ visc = ηγ, where σ is the viscous stress andγ the shear rate of the flow. Combined with Newton's laws this leads to the Navier-Stokes equation. To solve this bulk differential equation, a boundary condition needs be specified. The no slip boundary condition (equal solid and fluid velocities), has long been commonly used. Numerous violations of this no slip boundary condition have however been reported in the past decades, both experimentally [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and numerically [26] [27] [28] [29] [30] [31] .
Navier [32] introduced the possibility of slip at the wall assuming a linear constitutive equation at the interface: the friction stress of a layer of fluid sliding over the solid surface, σ is proportional to the slip velocity V : σ friction = kV , where k is the so-called Navier's or friction coefficient. k quantifies the ability of a fluid to slip on a solid surface. Balancing friction and viscous stresses, one can define the extrapolated distance to the interface where the velocity profile vanishes to zero, the so-called slip length b: b = η/k. The order of magnitude of the slip length varies from few nanometers [12, 14-16, 18, 26-28, 30] for simple fluids to micrometers [13, 17, [19] [20] [21] [22] [23] [24] [25] for complex fluids.
When simple or complex fluids are solicited at times smaller than their longest microscopic characteristic time, they can no longer be considered as Newtonian and the bulk fluid response presents an elastic contribution at short times. The shear stress then depends * Corresponding author: frederic.restagno@u-psud.fr on the shear time and the bulk constitutive equation has to be modified. How does that impacts the fluidsolid friction? Is it necessary to introduce a time dependent Navier coefficient, going from a solid friction coefficient at short times to the classical Navier coefficient at longer times? If so, what rules the characteristic time of this change in friction response of the interface? Such a time dependent Navier coefficient has rarely been reported [13, 23, 28, 29, 31, 33] in the literature and an universal interfacial constitutive equation is still lacking to pave the way to what could become solid-liquid interfacial rheology.
Inspired by model bulk rheology experiments, we present an investigation the interfacial friction when a layer of complex fluid is submitted to an abrupt change of shear. To do so, we used model viscoelastic fluids made of polymer solutions, for which the longest characteristic time, or reptation time τ rep , can easily be adjusted over a large range through the polymer volume fraction φ, while keeping constant the local fluid -solid interactions. For such fluids, the slip length, directly linked to the interfacial stress, ranges from tens to thousands of micrometers, large enough to be easily measured. We evidence a progressive onset of slip at the wall, characterized by a dependence of the slip length versus the shear time, before reaching a steady state slip regime. All the characteristics of the transient slip regime are deeply affected by the polymer volume fraction. To rationalize these results, we built a model for a Maxwell-like fluid in simple shear flow, and obeying the classical Navier's time independent boundary condition. The comparison between experimental data for the time evolution of the slip length during the onset of slip and this model allows one to draw some conclusions on the locality of the fluid -solid friction mechanisms.
Experimental approach.
Velocimetry using fluorescence photobleaching is commonly used to measure slip lengths in polymer fluids ( Fig.1) . A drop of fluorescent photobleachable fluid is compressed between two plane solid surfaces. The thickness h of the drop is measured by spectroscopic reflectometry. A pattern is photobleached in the fluid which is arXiv:2002.03429v1 [cond-mat.soft] 9 Feb 2020 then sheared during a monitored time t by displacing the top surface at a constant velocity V shear = d shear /t, where d shear is the total displacement of the top surface. The slip length at the bottom surface is directly measured by following the evolution of the displaced photobleached pattern, as previously described [25] .
To adjust the characteristic times of the studied viscoelastic fluids, semi-dilute solutions with tunable volume fraction φ of polystyrene (PS, M n = 10.2 Mg·mol −1 , Ð = 1.08) in diethyl phthalate (DEP) were used. High molar mass PS and ca. 1wt% of a photobleachable polystyrene (M n = 429 kg · mol −1 , Ð = 1.05, see Slip lengths for 5 solutions with φ ranging from 0.023 to 0.061 were measured on two model substrates: a bare silicon wafer and a dense layer of grafted-to PS brushes. Bare silicon wafer (2" diameter, 3 mm width, Si-Mat Inc.) was cleaned before each slip measurement with a UV/O 3 treatment for 30 min. The layer of dense PS brushes was prepared following a previously published protocol [34] . Briefly, a self-assembled monolayer of triethoxy(3-glycidyloxypropyl)-silane was vapor deposited on a Si wafer. The SAM was 0.9 nm thick as measured by ellipsometry. Amino end-functionalized PS (M n = 5.0 kg · mol −1 , Ð = 1.17, Polymer Source Inc.) was covalently tethered to the SAM in the melt at 140 • C for 48 hours. After through rinsing of the non-covalently tethered chains, the grafted PS layer was 2.8 nm thick and was considered as a dense polymer brush. As shown in Figure 2 for 3 representative systems, the slip length b increases with the shear time t until it reaches a plateau. Similar results have been observed for all 5 volume fractions on the two substrates (see Supplementary Fig.S3 ). These data clearly evidence a transient behavior, corresponding to a progressive onset of slip before reaching a steady state regime. The characteristic time of the transient regime (dotted lines on Fig.2 ) depends on φ but not on the substrate. Conversely, the plateau value obtained in the steady state regime, noted b ∞ , strongly depends on both φ and the substrate. This complex dependence is interesting by itself and highlights that the stress transmission at the interface depends on both the local structure of the interface and on the bulk properties [35] [36] [37] . The transient behavior appears to be independent of the shear velocity V shear , as the measurements presented in Figure 2 have been obtained for different values of V shear . Theoretical approach. In order to gain a better understanding of the observed transient regime, we built a simple mechanical model, based on the Navier's boundary condition and Maxwell-like fluids.
The polymer solution is considered as a Maxwell-like fluid, characterized by its viscosity η in the linear regime and its elastic modulus E, directly linked to its reptation time τ rep : τ rep = η/E. As the slip length b may depend on the shear time t, the real shear rate experienced by the fluid also depends on t, even for a constant shear velocity V shear = d shear /t. In the simple shear geometry illustrated in Fig. 1 , one can link the shear rate dependence with t to b(t):
In a Maxwell-like fluid, one can write the viscous stress σ visc (t) = ηγ visc (t) and the elastic stress σ elas (t) = Eγ elas (t). At the solid/liquid interface, assuming the friction coefficient to be independent of the shear time, Navier's hypothesis gives σ friction = kV (t). The stress balance at the interface and the expression of the imposed shear strain γ tot = γ visc +γ elas lead to a differential equation for the shear stress. Considering a zero shear stress at the beginning of the shear, the unique solution to this differential equation writes:
where τ = τrep 1+ b∞ h is a characteristic time depending on the steady-state slippage through b ∞ = η k . Equation (3) is the expected expression of the shear stress for a Maxwell-like fluid, except for the fact that the characteristic time τ now depends on the amount of slip at the wall.
Pearson and Petrie [38] were the first to introduce theoretically the notion of "retarded slip" due to the presence of a relaxation slip time λ s , with a model based on an analogy with a mechanical model for Maxwell-like fluids. Combining equation (3) to the dependence of the shear rate with t (eq. (1) and (2)) allows one to solve the differential equation obtained for b(t), with the initial no slip condition:
where T = t τrep compares the shear time t and the reptation time τ rep . X = b∞ h is the ratio between the steady state slip length b ∞ and the thickness h of the sheared drop of fluid. Taking into account Navier's hypothesis for a Maxwell-like fluid affords a complex temporal dependence of the slip length. It is worth noting that equation (4) is independent of the shear velocity V shear and thus of the apparent shear rateγ app = V shear /h, in agreement with our experimental results.
As shown in Figure 3a , no matter what is the value of the parameter X, the shear stress calculated from eq. (3) increases with the shear time, before reaching a plateau. The value of X clearly affects the dynamics of the onset of slippage: the larger the thickness h compared to b ∞ (smaller X), the longer the transient slip regime. The dependence of the calculated slip length versus the shear time, presented in Figure 3b , appears however only weakly affected by the value of X.
Discussion.
The theoretical evolution of b(t) shown in Fig3b, is quite similar to that of the experimental data : b(t) increases before reaching a steady state regime. A shear time longer than few reptation times is needed to obtain an almost constant slip length. For all X values, the slip length is larger than 0.8b ∞ at T = 5, as indicated by the dotted line in Fig3b.
For all present experiments, the thickness h of the drop, the reptation time τ rep and the slip length depending on the shear time are measured independently. The only unknown parameter needed to quantitatively compare model and experiments is the steady state slip length b ∞ . As the model predicts that b ∞ is essentially reached for t > 5τ rep , We chose to estimate b ∞ by averaging the experimental data measured for t > 5τ rep for each solution and for the two substrates. The thickness h of the sheared drop is chosen to be as close as possible to b ∞ in order to minimize the error bars on the measured b values. Therefore experimental X values only vary within one decade (X ∈ [0.3 − 3.8]), which should not affect significantly the observed dynamics of slippage.
All the parameters of the model are then measured, and slip lengths calculated from eq. (4) can be compared with the measured slip length. Figure 4 A slight difference between model and experimental data appears for T < 1. These points correspond to large enough shear velocities V shear to have a long shear distance in a short shear time: the photobleached pattern of fluid is then enough deformed to correctly measure b(t < τ rep ). These large shear velocities however lead to entering in the shear-thinning regime of the fluid, out of the scope of the present mechanical model, which only deals with linear viscoelastic fluids, i.e. the Newtonian regime of our polymer solutions. The good agreement between model and experimental data in the Newtonian regime confirms that viscoelasticity combined to a linear friction fully describe the onset of slippage in these complex fluids.
No viscoelastic response of friction at the wall is needed to account for the observed dependence of the slip length on the shearing time. This comforts the idea that the interfacial friction is a local quantity, as already observed for polymer melts [25, 41, 42] . If indeed governed by phenomena at monomer or solvent molecular scales, the characteristic relaxation times associated to interfacial friction should be several orders of magnitude smaller than the relaxation times of the model viscoelastic fluids used here, and not accessible to the present experiments. The picture of a locally determined interfacial friction could be drastically affected by chains adsorbed at the solid surface, which should induce a coupling between surface and bulk, characterized by relaxation times comparable or longer than in the bulk fluid, as previously evidenced in polymer melts [17, 35, 37, 43, 44] . The substrates used here have however been specifically chosen to minimize adsorption: PS adsorbs slowly (several hours) on bare silicon wafers [45] while a dense brush of short PS chains prevents adsorption of high molar mass PS chains. This is why the picture of a progressive onset of slippage controlled by the viscoelasticity of the fluid, while keeping a time independent Navier's coefficient appears fully efficient to account for experimental data. To conclude, we have provided unambiguous experimental evidences of the existence of a progressive increase in slip length with shearing time before reaching a steady state plateau, for polymer solutions flowing on ideal surfaces. A mechanical model based on the Navier's hypothesis for Maxwell-like fluids has been built to describe this transient onset of slip, and pin point the mechanisms at stake. The good agreement, with no adjustable parameter, between model and experiments validates the main hypothesis of the model: on ideal substrates (no adsorbed chains), the friction is driven by local phenomena and no elastic contribution to interfacial friction is needed to account for the onset of slip. The model, applicable to any linear viscoelastic fluid, provides a firm framework to identify which parameters govern the onset of slip for fluids others than polymer solutions. As the shear stress appears to be more sensitive than the slip length to details of the experimental geometry in the transient slip regime, this work highlights the importance of studying the interfacial rheology at a solid/liquid interface by analyzing the temporal evolution of the interfacial shear stress. The generality of the model may also lead to a better understanding of the molecular mechanisms responsible for the instabilities observed in extrusion process. We anticipate that extending this approach will contribute to understand fluid dynamics in different regimes, such as flow in nanoconfinement and turbulence in transient regimes.
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